The atomic structure of the Au 6×6 on Si(111) phase has been determined using direct methods and surface X-ray diffraction data. This surface structure is very complicated, with 14 independent gold atoms, relaxations in 24 independent silicon sites and three partially occupied gold sites. In one sense the structure can be described as microdomains of the parent ǰ3×ǰ3 Au on Si(111) structure. A better description is in terms of a tiling of incomplete pentagonal and trimer units, essentially a pseudopentagonal glass. In terms of these structural units it is possible to explain all the gold structures in the coverage range 0.8-1.5 monolayers as pseudo-glasses with strong short-range order but varying degrees of long-range order.
Introduction
structures. Plass and Marks [3] proposed a phase diagram for submonolayer Au on Si(111) system, obeying Gibbs phase rules and with phase boundThe gold on Si(111) surface in the coverage range 0-2 monolayers (ML) has been extensively aries based on thermodynamics principles. This approach for surfaces is replacing the more familstudied, but many of the details are still unclear and the underlying physics uncertain. Below one iar phase maps, which show the temperature versus coverage regime for surface phases. Extending the monolayer two distinct phases, the 5×2 [1] and surface phase diagram to higher Au coverages ǰ3×ǰ3 [2] structures, are known to exist. Both requires knowledge of the atomic structure of the of these are stable to temperatures far in excess of surface phases present above 1 ML of Au. the unusually low bulk eutectic melting point of In the range 1.0-1.5 ML (and perhaps with 363°C. In this coverage regime, a new approach slightly lower coverages) diffraction experiments has provided a better understanding of surface show strong ǰ3×ǰ3 intensities and additional diffuse or ordered structures [4] [5] [6] [7] [8] [9] [10] . Star-like spots (simple diffuse rings, rings with a double-spot structure by annealing at high temperature, which again transformed back into the 6×6 structure by hexagon pattern, or incomplete rings) have been observed. The best defined of these structures is annealing at low temperature. Based on a kinematical analysis of LEED spot profiles, the same study the Au 6×6 surface phase occurring around 1.4 ML coverage, which forms very close to the suggested that the unusual ǰ3×ǰ3 patterns are bulk eutectic temperature. However, other studies due to early stages of the 6×6 phase formation. [11, 12] have reported the formation of the 6×6
Using also the STM observations by Salvan et al. structure at 1.0 ML, thus the exact Au coverage is [24] , which showed the 6×6 surface displaying still controversial. At higher coverages gold parstructural units in which four maxima are arranged ticles form, suggesting a Stranski-Krastanov with ǰ3×ǰ3 periodicity, Higashiyama et al. [4] growth mode [4, 13] , although Ś więch et al. [14] explained the reversible transition between the two reported the formation of 3D Au particles as phases as a gradual ordering/disordering of the preceding and continuing in parallel with the 6×6 structural units. On the other hand, other studies structure formation and growth. [6, 12] found an irreversible transition, with the It should be noted that quenching the bulk 6×6 diffraction pattern forming only by additional eutectic is known to produce a glass [15] which gold deposition onto the ǰ3×ǰ3+ring-like strucappears to crystallize at similar temperatures into ture during heating in the low temperature regime. a number of poorly determined phases [16] [17] [18] . In From ICISS experimental data, Huang and addition, there is some evidence from X-ray photoWilliams [11] proposed a 6×6 honeycomb strucelectron spectroscopy [19] , low-energy electron ture composed of a centered hexagonal array with diffraction (LEED) [20] , and reflection high-25% empty hexagons. Thus, the structure is consisenergy electron diffraction (RHEED) [21] data for tent with the honeycomb model for ǰ3×ǰ3, a gold-silicide. Understanding the Au 6×6 strucwhich they considered to be a precursor and an ture can shed light on the transition from a 2D incomplete 6×6 phase with centered and empty surface to a more bulk behavior. Furthermore, hexagons lacking long-range order. An STM study because the temperatures are very close to the bulk
[12] of the 6×6 structure, formed at a gold covereutectic and glass formation/crystallization temage slightly above 1 ML, shows sets of three peratures, unusual phenomena may be present. maxima surrounded by triangular domain walls For instance, in this temperature and coverage and a number of bright ''protrusions''. In this range strong homoepitaxial growth of silicon has model the 6×6 structure is described as a periodic been observed [22] .
arrangement of small ǰ3×ǰ3 domains. At a The Au 6×6 phase was first reported by Lander higher coverage (1.4 ML), another STM paper [9] [23] and subsequently studied by almost all sursuggested a slightly different structure, a rectanguface-sensitive methods: LEED [4, 8, 11, 23] , translar array of protrusions with a smaller periodicity mission electron diffraction ( TED) [6 ] , Auger than the 6×6 unit cell. electron spectroscopy [8, 24] , Rutherford back-A previous attempt to look at this surface using scattering spectroscopy [8] , X-ray diffraction X-ray diffraction data and a Patterson approach ( XRD) [5] , impact-collision ion-scattering was at best only partially successful [5] . The spectroscopy (ICISS) [11] , and scanning tunneling
Patterson method generates maps which show microscopy (STM ) [9, 12, 24] . Several results indipositive peaks corresponding to interatomic veccated that the 6×6 structure is closely connected tors. The map analysis may provide information to the Au ǰ3×ǰ3 structure, and can be considered on only part of the structure due to the difficulty as a low temperature precursor phase for the of picking out individual interatomic vectors and unknown surface which displays a ǰ3×ǰ3+ring-the presence of artifacts. In addition, false peaks like diffraction pattern. Higashiyama et al. [4] may arise by special relationships between interafound the phase transition between these two tomic vectors. However, the Patterson map clearly structures to be reversible. The Au 6×6 diffraction showed that Au trimers are an essential part of the structure. This X-ray study concluded that the pattern transformed into the ǰ3×ǰ3+ring-like 6×6 phase is not an ordered superstructure of the coupled with a genetic algorithm for global optimization (for more details see refs. [32] [33] [34] [35] ). A search ǰ3×ǰ3, and the main feature of their model was is performed to find phase estimates for the meaAu trimer triplets.
sured intensities which satisfy self-consistent condiDespite extensive study, the Au 6×6∞ atomic tions, defined by the figure of merit (FOM ). structure remains unclear. We report here the use Output is a list of plausible solutions, phasing of direct methods to determine the atomic structure maps obeying the imposed symmetry, ranked in of the Au 6×6 surface. Key points of the structure order of the FOM. These are then used as starting and preliminary results have been published in points for constructing possible atomic models of ref. [25] . the surface structure. In effect, the method generates a set of plausible atomic solutions for the structure, avoiding the need to guess, starting just from the intensity data. Ideally, with small or no 2. Direct methods experimental measurement errors, and a complete set of intensities, these phasing maps will be accuAt the moment there are no techniques which can image the atomic structure of a surface in a rate restorations of the charge density. In practice, sometimes only part of the structure is identifiable straightforward manner. While STM does offer some information regarding the outmost layer of in the initial analysis, the case herein since the true structure is p3 with twinning. However, even with atoms, it shows only the density of surface states, and does not provide actual atom positions.
a relatively small fragment of the structure known, the remainder can be uniquely determined by one Another surface technique, high resolution transmission electron microscopy (HREM ), can proof many different methods; more details of the particular approach we used are given below. vide detailed atomic scale imaging. However, HREM information is tedious to acquire, and the signal to noise ratio is often extremely low.
Diffraction techniques, while being very powerful for accurate refinement of the atomic positions, necessitate a starting model that is close to the ''correct'' structure since they only determine the structure factor amplitudes. In order to restore the charge density or scattering potential ( X-ray or electron diffraction respectively), it is necessary to recover the phase of the structure factors. The standard method for doing this with bulk crystals is to use what are called direct methods [26 ] , a technique which has recently also been applied to electron diffraction data [27] . This approach is now being applied with success to provide an initial guess for the solution of surface structures using both electron and X-ray surface diffraction data [28] [29] [30] [31] [32] [33] [34] . In effect, direct methods solve the phase problem by exploiting probability relationships which exist between the amplitudes and phases of the diffracted beams.
The direct methods approach we used for solving the Au 6×6 structure involved a minimum relative entropy method with windowed unitary structure factors and a normalized robust figure of merit,
Results
most likely atom positions within the unit cell. The program lists all the possible sites in decreasing order of intensity. The initial fragment of the Details of the collection of the X-ray intensity data have been previously reported [5] and will structure is built by placing atoms at the most intense peaks in the cross-correlation map. The not be described herein. A total of 139 independent intensities in the p6mm plane group and 248 in the effect of adding each new atom to the structure is monitored by calculating diffraction intensities for p3 plane group were used.
Working from an initial fragment identifiable in the new fragment thus created and comparing these to the measured intensities. After a refinethe phasing maps, the full structure was determined by combining iterative steps of refinement of the ment (R-factor type) of the atomic positions, new possible atomic sites are generated using the heavyatomic positions and heavy-atom holography [1] to determine new sites, Fig. 1 . Cross-correlation of atom holography algorithm. These sites are also listed in decreasing order of intensity and only the a charge density map for a single atom (Au in this case) with the phasing map generated by the direct most intense possible positions are selected during each iteration. Again, diffraction intensities are methods produces a new map, highlighting the model from Fig. 2c ; the most intense symmetry equivalent three spots were chosen as the next step (one of them is arrowed in the figure).
As the final step, the atomic positions determined from heavy-atom holography analysis were refined using a conventional x2 minimization. In terms of an R-factor defined as:
where I meas is a measured intensity, I calc is the simulated intensity, and N is the total number of measured intensities, and a reduced xn as: 
indicated by solid lines and the notation Au-p for the partially occupied sites. The second double layer silicon atoms are only slightly displaced from bulk sites -see While the x2 value is rather high, it is more than boundaries of the ǰ3×ǰ3 structure is shown.
two orders of magnitude better than that found in a previous analysis [5] . A strong possibility exists that the experimental results were obtained from calculated and used to estimate the effect of placing a two-phase ǰ3×ǰ3 and 6×6 mixture; eliminata new atom in a suggested site.
ing reflections which overlap with the ǰ3×ǰ3 Shown in Fig. 2a is an initial fragment with reduced x2 to 32 and R to 0.2. ( This reduced the about 20 gold atoms, found among the top phasing number of reflections, in p3 plane group, from 248 solutions using p3 symmetry. Including the peak to 234.) Adding a double silicon layer reduced x2 at the origin which turned out to be only partially and R again by about a factor of two; similarly, a occupied, the peaks are very close to gold positions second double silicon layer reduced x2 to about 8. in the final refinement, and three weaker silicon peaks are also observable. Other maps showed Based upon previous work [2] with ǰ3×ǰ3, the relaxation extends several layers into the subdifferent fragments of the total structure. For reference, in p3 symmetry incoherent twin domains strate. However, in p3 symmetry there are only 234 reflections (about half of these independent), were assumed yielding p6mm Patterson symmetry. While not obvious in the initial stages of the so including large numbers of silicon atoms (12 per layer) is not justifiable in terms of the number analysis, all the top solutions in both p3 and p31m symmetry showed 20 or more of the gold atoms. of measurements. To compensate for not including independent variables for all subsurface atom posiBuilding from this structure we were able to generate the gold framework shown in Fig. 2d, a total tions, a subsurface strain field expanded as the gradient of a two-dimensionally periodic harmonic of 14 independent sites (42 atoms without the partially occupied sites). Intermediate steps in con- [36, 37] was used to model displacements into the substrate. The strain field is constrained to decay structing the model are shown in Fig. 2b and c, with corresponding diffraction patterns in exponentially into the bulk. For the final stages of the minimization, the more robust form x was Fig. 3a-d. Fig. 4 shows missing sites suggested by heavy-atom holography applied to the partial utilized. This corresponds to n=1 in Eq. (1), and is analogous to a x2 analysis with an assumption Gaussian distributed errors assumed in a x2 analysis. The x factor is similar to x2 and for a reasonable of exponentially distributed errors between the measurements and the simulations replacing the fit will tend to 1, but it is less sensitive to outliers in the data, points with large errors [38] . For one might be appropriate. Most of this is almost certainly rotation of the gold trimers, similar to double layer of silicon we obtained x=2.7; for two x=2.0. Including partial occupancy at the three the ǰ3×ǰ3 [2] . We were not able to refine the special sites (0, 0), (1/3, 2/3) and (2/3, 1/3) and surface silicon Debye-Waller term which tended the subsurface strain field had a large effect, yieldto drop to unreasonable values, implying more ing x2=3.8 and x=1.7, with a partial occupancy subsurface relaxations than can reasonably be of approximately 0.5 (total coverage 1.2 ML).
matched with the available data. Atom positions for two silicon double layers and the calculated and experimental intensity values are shown in Tables 1 and 2 The most interesting aspects of the structure are calculations, two each using x2 and x, with two that it is astonishingly simple, and at the same different registries for the third double layer of time complicated. There is a strong relationship to silicon atoms, then used these to determine the errors. The gold site errors are about 0.01 Å , the the parent ǰ3×ǰ3 with three sets of three gold trimers. More interesting is the structure of the silicon about 0.05 Å . However, since the gold Debye-Waller factor refined to a rather high value additional gold atoms which form incomplete pentagons and trimer units; if all the special sites (0.16 Å RMS displacement), implying substantial static disorder (consistent with partial occupancy), were occupied, complete pentagons would be formed. Every gold-gold separation is close to a multiplicative factor of two to three on the errors 0.28 nm, the bulk gold interatomic distance. At that the domain walls in the ǰ3×ǰ3 break up the center of these incomplete pentagons, probably with increasing coverage and reorganize as part of at the lower apex of a pentagonal prism, are the the 6×6 structure. silicon atoms of the next layer. In a number of This structure is remarkably similar to what cases silicon atoms are separated by about 0.2 nm, would be expected for a two-dimensional glass implying the presence of second-layer with pentagonal units, trimers, and a fixed golddimerization.
gold separation. To understand this, note that the The correspondence at a qualitative level structure can be considered as a combination of between the structure and the STM images the two Au ring structures A and B in Fig. 5 [9, 12, 39] at lower coverages is good. Similar to surrounding three silicon atoms in the next layer, with two rotational variants of B. The centers of the parent ǰ3×ǰ3 structure, the trimers are not properly resolved, and the protrusions are the A rings correspond to the partially occupied special sites, and for full occupancy the Au coverage will partially occupied special sites -these match the STM images not only in location within the unit vary from 1.2 ML to 1.25 ML. Furthermore, filling the center of all B rings will increase the Au cell but also in terms of their local symmetry. The overall symmetry of the structure is close to p31m, coverage to 1.5 ML, thus correlating with the experimental observations of the 6×6 structure's again matching well the STM images. The trimers are arranged in rectangular arrays ( Fig. 5) which presence for coverages from around 1.0 ML up to have previously been observed in the domain walls 1.5 ML [4, 8, 9] . Both rings sit at ǰ3×ǰ3 lattice sites, the particular configuration shown giving the in the ǰ3×ǰ3 structure, where they become more abundant with increasing coverage [9] and the 6×6 structure with triangular domain walls consisting of arrays of B rings surrounding A units ǰ3×ǰ3 LEED pattern more diffuse. This suggests a Fig. 7 . (a) Glass-like tiling using A and B gold units (Au atoms are large dark circles, and the small empty circles mark the ǰ3×ǰ3 lattice); (b) corresponding diffraction pattern showing sharp diffraction spots at the ǰ3×ǰ3 unit cell reciprocal lattice points and diffuse scattering elsewhere. A ǰ3×ǰ3 unit cell is marked.
